A radioligand-binding assay was established for eel atrial natriuretic peptide (eANP), and ANP receptors were characterised in the eel gill. ANP binding to the gill membrane fraction was saturable with increasing ligand concentrations and was specific to ANP peptides, i.e. The presence of this type of receptor (natriuretic peptide receptor (NPR)-C and NPR-D) was also indicated in eel gill by affinity labelling. cGMP production was stimulated by the addition of eCNP but not by eANP and eVNP, and this was observed only in FW eels. Thus, most ANP receptors in eel gill are NPR-C and NPR-D, but a small number of the NPR-B type are also present in FW eels.
Introduction
Many studies have been conducted in mammals on the natriuretic peptide system which includes three types of hormone (atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type natriuretic peptide (CNP)), and three types of receptor (natriuretic peptide receptor (NPR)-A, NPR-B and NPR-C) which work in concert to reduce blood volume and blood pressure, as reviewed by Brenner et al. (1990) and Rosenzweig & Seidman (1991) . The receptors are categorised into two groups: guanylate cyclase (GC)-linked (NPR-A and NPR-B) and unlinked (NPR-C) receptors. NPR-A has high affinity for ANP and BNP and NPR-B is specific for CNP, but NPR-C has similar affinity for all three peptides (Maack 1992) . Three types of ANP peptide (ANP, ventricular natriuretic peptide (VNP) and CNP) and three types of receptor (NPR-B, NPR-C and NPR-D) have also been identified in the eel (see Hagiwara et al. 1995) . VNP is a new type identified in the eel and trout (Takei et al. 1991 . NPR-D is a possible new type of receptor; its cDNA has been cloned from eel brain, and is devoid of an intracellular GC domain . NPR-D has 70% sequence identity with eel NPR-C, but it is present as a tetramer, in contrast with the dimeric NPR-C. Although NPR-A has not yet been identified in the eel, it is now possible to characterise all types of receptor in the eel, including NPR-A, using homologous ANP, VNP and CNP.
In the present study, we characterise eel (e)ANP receptors in the gill by means of a radioligand-binding assay using 125 I-eANP. We previously found dense ANP binding to the gill by autoradiography (Sakaguchi et al. 1993 (Sakaguchi et al. , 1996 . The type of ANP receptor was also characterised in relation to cGMP production and by comparing the molecular mass before and after reduction using affinity labelling. The distribution of ANP receptors was also examined in various tissues including osmoregulatory organs in which ANP action has been reported. Finally the binding parameters were compared between freshwater (FW)-and seawater (SW)-adapted eels to assess the role of ANP in osmoregulation. The possible roles of ANP in osmoregulation have been described in the eel by Takei & Balment (1993) . ANP receptors in eel gill cells have previously been examined using rat 125 I-ANP (Broadhead et al. 1992) .
Materials and Methods

Animals
Immature eels, Anguilla japonica, weighing approximately 200 g, were purchased from a local dealer. They were acclimatised to laboratory conditions in a 1 ton FW tank for 1 week or in a 0·5 ton SW tank for 2 weeks without feeding. Water in the tank was continuously circulated, aerated, and regulated at 18 C.
Membrane preparation
Eels were anaesthetised in 0·2% (w/v) 3-aminobenzoic acid ethyl ester (Sigma, St Louis, MO, USA) for 10 min, and placed ventral side up on an operation board. An incision was made in the skin longitudinally and the heart and ventral aorta were exposed. A catheter (PE 50; Clay Adams, USA) was inserted into the ventral aorta, and 25 ml 0·9% NaCl solution was slowly infused. Upon initiation of infusion, the bulbus arteriosus was clamped to stop backflow of the infusate, and the sinus venosus was cut open to let infusate overflow from the opening. The perfusion lasted for 5 min. After perfusion, almost blood cell-free tissues such as brain, atrium, ventricle, gill, oesophagus, stomach, anterior and posterior intestine, spleen, liver, kidney, head kidney, urinary bladder, red body of the swim bladder (rete mirabile) and skeletal muscle were isolated. After removal of the connective tissue and fat, tissues were diced to small pieces. Only gill filaments (primary lamellae) were used. Small tissues such as brain, atrium, ventricle, head kidney, urinary bladder and red body were pooled from four fish. For saturation and competitive binding studies and for cGMP assay, gill tissues were pooled from four eels. The tissues were homogenised in a Polytron homogeniser (Kinematika, Littan Lucerne, Switzerland) in 10 ml ice-cold membrane buffer (0·25  sucrose, 10 m Na 2 -EDTA, 50 m TrisHCl, pH 7·2) at maximum speed for 30 s for the gill and at setting 8 for 30 s for other tissues. The homogenate was centrifuged at 12 000 g for 20 min at 4 C. The supernatant was further centrifuged at 57 000 g for 30 min, and the pellet was resuspended in 10 ml membrane buffer, and centrifuged again as above. The pellet was finally resuspended in the BSA-free assay buffer (125 m NaCl, 5 m MgCl 2 , 50 m Tris-HCl, pH 7·2), and its protein concentration was measured with a protein assay kit (Bio-Rad, Richmond, CA, USA). The procedures for preparation of the membrane fractions were based on those of Takei et al. (1988) . The membrane fraction was kept frozen in liquid nitrogen until use.
To examine the purity of the membrane fraction, the pellet after final centrifugation was fixed with 1% paraformaldehyde and 1% glutaraldehyde in 0·1  sodium cacodylate buffer, pH 7·4, at 4 C for 1 h, and postfixed in 1% OsO 4 in cacodylate buffer for 1 h. The fixed tissue was dehydrated, embedded in an epoxy resin mixture, and cut on a Porter-Blum MT-2 ultramicrotome (Sorvall, Norwalk, CT, USA). The section was stained with uranyl acetate and lead citrate, and viewed under a JEM-100SX electron microscope ( JEOL Ltd, Tokyo, Japan). As shown in Fig. 1 , the membrane fraction consisted mostly of vesicles similar to the plasma membrane-enriched fraction reported by Wei et al. (1976) .
Binding assay 125 I-eANP(1-27) was prepared by a lactoperoxidase method and purified by reverse-phase HPLC as reported previously . Since the HPLC completely separates monoiodinated ANP from unlabelled and di-iodinated peptides, the theoretical specific activity was applied to the monoiodinated ANP. In most experiments, the membrane fraction (20 µg protein) was incubated with 10 10  125 I-eANP for 90 min at 37 C in 0·1 ml 50 m Tris-HCl buffer (pH 7·2) containing 0·2% globulin-free BSA (A-7638; Sigma), 10 4  EGTA (Wako Pure Chemicals, Tokyo, Japan), 10 5  phosphoramidon (Peptide Institute Inc., Osaka, Japan) and 10 4  phenanthroline (Sigma). After incubation, 1 ml ice-cold 50 m Tris-HCl buffer containing 0·2% BSA was added to stop the reaction. The mixture was then centrifuged at 14 000 g for 5 min at 4 C to separate the bound and unbound ligand. The radioactivity in the pellet was counted in a -counter for 3 min (CRYSTAL 5424; Packard, Meriden, CT, USA). Three samples were prepared for each membrane fraction. Specific binding was calculated as the difference between total binding and non-specific binding obtained in the presence of excess (10 6 ) unlabelled eANP. A time course of binding was examined at different temperatures (4, 18, 25 and 37 C) for 3 h. In some cases, incubation was continued for up to 6 h at 37 C to examine the stability of equilibrium binding. For competition binding assays, increasing concentrations of unlabelled eANP, eCNP, eVNP, C-ANF (rat des [Gln 18 , Ser 19 , Gly 20 , Leu 21 Gly 22 ]-ANP 4-23 -NH 2 ) or eel angiotensin II (Peptide Institute Inc.) were added to the incubation mixture.
Ligand metabolism 125 I-eANP degradation was examined by reverse-phase HPLC before and after incubation of the ligand with membrane fraction at 37 C for 90 min by the method of Sakaguchi et al. (1996) . After separation of the bound and unbound ligands by centrifugation, the supernatant was used for examination of unbound 125 I-eANP. The pellet was then boiled in 1 ml 1  acetic acid for 5 min, centrifuged at 14 000 g for 5 min at 4 C, and the supernatant was used as bound ligand. The samples were applied to an ODS-120T column (4·6 250 mm; Tosoh, Tokyo, Japan), and a linear-gradient elution was performed from 15 to 60% acetonitrile for 60 min at a flow rate of 1 ml/min. The eluted radioactivity was monitored with a radioactive flow detector FLO-ONE/Beta (Radiomatic Instruments and Chemical Co. Inc., Tampa, FL, USA).
cGMP assay
The membrane fraction (30 µg protein) was preincubated with 0·1 ml 50 m Tris-HCl (pH 7·6) containing 0·5 m isobutylmethylxanthine, 15 m phosphocreatine and 31·25 U/ml creatine kinase for 10 min at 25 C. The reaction was started by the addition of a solution containing 4 m MnCl 2 , 1 m GTP, 0·25 m ATP (Wako Pure Chemicals) and increasing concentrations of eANP, eCNP, eVNP or C-ANF at 25 C for 10 min in a final volume of 0·1 ml. The basal production rate was determined in the absence of each peptide. The reaction was terminated by boiling the reaction mixture for 3 min after addition of 0·9 ml 50 m sodium acetate buffer, pH 4·0. The mixture was centrifuged at 14 000 g for 5 min at 4 C, and the supernatant was frozen at 25 C until use. The cGMP content of the supernatant was determined by RIA according to the protocol of an assay kit (Yamasa, Tokyo, Japan). All drugs for the assay were purchased from Sigma unless otherwise specified.
Affinity labelling
The membrane fraction of gill cells (30 µg) in BSA-free assay buffer was centrifuged at 14 000 g for 10 min at 4 C, and resuspended in 50 µl 20 m phosphate buffer, pH 7·4, containing 130 m NaCl, 1 m EDTA, 1 mg/ml lysozyme, 0·2 m phenylmethylsulphonyl fluoride, 10 µg/ml leupeptin and 10 µg/ml pepstatin. After the addition of 50 ml of 125 I-eANP (3 10 10 ), the reaction mixture was incubated for 90 min at 37 C in the presence or absence of 1µ unlabelled eANP or C-ANF. The bound 125 I-eANP was cross-linked to the receptor by incubation with 1 m disuccinyl suberate (Pierce Chemical, Rockford, IL, USA) for 20 min at 25 C. The cross-linking reaction was terminated by the addition of 20 µl 2  ammonium acetate. The mixture was centrifuged at 14 000 g for 5 min at room temperature and the pellet was suspended in 50 µl of the sample loading buffer for SDS-PAGE (650 m Tris-HCl, pH 6·8, containing 10% (w/v) glycerol, 1% SDS and 0·1 mg/ml bromophenol blue) with or without 1% 2-mercaptoethanol and boiled for 5 min. The mixture was centrifuged at 14 000 g for 5 min, and 30 µl supernatant was electrophoresed on a 5% polyacrylamide slab gel as described by Laemmli (1970) . The protein in the gel was fixed by incubation in 10% acetic acid and 25% methanol and visualised with Coomasie brilliant blue staining. The dried slab gels were exposed to an Imaging Plate for BAS-1000Mac system (Fuji Photo Film Co., Ltd, Tokyo, Japan) for 48 h or to Kodak X-Omat AR films with an intensifying screen at 80 C for 1-2 weeks.
Analysis of data K d and B max for the saturation isotherm were determined using a weighted non-linear least-squares curve-fitting program (Ligand). The data from the saturation isotherm and competitive binding experiments were also transformed to a Scatchard plot (Scatchard 1949) . The difference between dose-response curves was analysed by ANOVA. All values are expressed as means ...
Results
The membrane fraction used in this study displayed more than 95% specific binding over total binding. Since the amount of ANP binding to the gill membrane increased linearly with protein concentration up to 40 µg, 20 µg protein was chosen for subsequent assays. The amount of ANP binding increased with incubation time, but equilibrium was not attained even after 3 h of incubation at 25 C (Fig. 2) . However, binding reached equilibrium after 1 h at 37 C, and the maximum level was stable even after 6 h of incubation. Furthermore, HPLC analysis showed that no degradation of free or bound 125 I-eANP occurred after incubation with 20 µg membrane protein for 90 min at 37 C (Fig. 3) . Thus, the incubation was performed at 37 C for 90 min in subsequent experiments.
A saturation isotherm showed that ANP binding to the gill membrane from FW eels was saturable at approximately 2 10 9  (Fig. 4) . Scatchard analysis of the isotherm resulted in a straight line showing a single class of receptors with a K d of 59·2 18·8 p and B max of 67·9 0·36 fmol/mg protein (n=3). Scatchard analysis of the displacement experiment using other FW eels also resulted in a straight line with a K d of 75·3 14·3 p and B max of 73·9 8·51 fmol/mg protein (n=3), which were similar to the values obtained from the saturation isotherm (Fig. 5a ). The gill ANP receptors from SW eels also displayed a single class with a K d of 83·5 7·1 p and B max of 112·3 22·9 fmol/mg protein (n=3) (Fig. 5b) .
125
I-eANP binding to the gill membrane of FW eels was displaced similarly by eANP, eVNP and eCNP (Fig. 6) . The binding was also displaced by C-ANF, but its affinity was lower than eel peptides. However, no displacement occurred with eel angiotensin II, showing specificity of the receptor for ANP peptides. A similar pattern of displacement was observed in SW eel gills (data not shown).
The result of affinity labelling revealed that the proteins exhibiting specific binding to eANP have molecular masses of about 150 and 300 kDa, and the most binding was shifted to 78 kDa under reducing conditions (Fig. 7) . Since this binding was displaced by C-ANF as well as eANP, these proteins may be NPR-C and NPR-D respectively.
In the gill membrane from FW eels, only eCNP caused a marked dose-dependent increase in cGMP production, although eANP and eVNP slightly but significantly increased it compared with C-ANF (Fig. 8) . In SW eels, however, all three eel natriuretic peptides only weakly increased cGMP production compared with C-ANF.
Specific ANP binding was observed in all tissues examined except the skeletal muscle (Fig. 9) . The highest density of binding was detected in the gill followed by the red body of the swim bladder, urinary bladder, kidney and digestive tracts. The density of binding tended to be less in SW-adapted eels except in the brain, atrium and spleen.
Discussion
The radioligand-binding assay was established in the eel, A. japonica, using homologous ANP, and ANP receptors were characterised in the gill. ANP binding to the gill membrane was saturable with increasing ligand concentrations, specific for ANP peptides, and exhibited high affinity (K d =60 p) which is comparable with plasma ANP levels (50 p) of FW-and SW-adapted eels . Furthermore, ANP-binding sites were found in tissues in which biological actions of ANP have been reported (Takei & Balment 1993) . These tissues include osmoregulatory organs such as the gill, kidney, intestines and urinary bladder, but no binding was observed in the skeletal muscle where ANP activity is less likely. Thus, the ANP-binding sites identified in the present study satisfy all criteria for identification of receptors.
ANP binding to gill receptors was rather slow; it took more than 3 h for binding to reach equilibrium at the normal rearing temperature of eels (18-25 C). Thus incubation was performed at 37 C, at which temperature binding reached equilibrium in an hour. Even at this high incubation temperature, degradation of the ligand and receptors was minimal, as the equilibrium continued for more than 6 h at 37 C and HPLC analysis directly demonstrated little degradation of 125 I-eANP after incubation with the membrane fraction at 37 C for 90 min. Since the membrane fraction used in this study was reasonably pure, as shown by high specific binding (>95%) and no mitochondrial or other contamination in the electron micrograph, contamination by degrading enzymes would also appear to be negligible.
Only one class of receptors was detected in gills of both FW-and SW-adapted eels by Scatchard analysis. However, cGMP accumulation was increased by eCNP only in FW eel gills, indicating the presence of NPR-B. This is in agreement with our previous finding that the NPR-B message is expressed in much larger amounts in the gills of FW eels than in those of SW eels (Katafuchi et al. 1994) . Furthermore, NPR-B has been localised in the chloride cells of FW eels but not in those of SW eels by immunohistochemistry using antisera specific for eel NPR-B . Since eel gills contain large amounts of NPR-C and/or NPR-D (Sakaguchi et al. 1993 , it is possible that the Scatchard analysis could not detect a small quantity of the CNP-specific NPR-Bs, which are present in the chloride cells of FW-adapted eels. By contrast, Broadhead et al. (1992) demonstrated two classes of receptor in chloride cell-enriched gill cells of SW-adapted Anguilla anguilla using rat 125 I-ANP, but only one class was detected in those of FW-adapted eels. The reason for the difference between A. anguilla and A. japonica is not known at present. Expression of NPR-C is predominant in the gills of both FW and SW eels, because ANP, CNP and VNP had similar affinity for the receptors, and because C-ANF, which specifically binds to NPR-C in mammals, displaced 125 I-eANP binding almost completely. This is consistent with our previous results (Sakaguchi et al. 1993 (Sakaguchi et al. , 1996 showing that dense populations of ANP receptors of molecular mass about 70 kDa are present in the chondrocytes and vasculature of eel gill under reducing conditions. Duff & Olson (1992) also reported the presence of a large amount of NPR-C in the gill of rainbow trout. Furthermore, Donald et al. (1994) found that NPR-C is the major population in the branchial vasculature of the toadfish, Opsanus beta. However, we recently identified another type of GC-free receptor (NPR-D), which is expressed in the brain and gill and is present as a tetramer . The present affinity cross-linking experiments showed that both 300 kDa and 150 kDa receptors are present in the gill, and the molecular mass of most receptors decreased to about 78 kDa after reduction. Thus, both NPR-C and NPR-D are present in the gill of A. japonica.
We could not detect any difference in the number of ANP receptors in the gill between FW-and SW-adapted eels in the present study. We previously found that the expression of mRNA encoding NPR-C decreased in the gill after adaptation of FW eels to SW . Furthermore, binding of 125 I-eANP injected into the circulation dramatically decreased in the gill after adaptation to SW as revealed by autoradiography (Sakaguchi et al. 1996) , and ANP extraction by the gill, probably via clearance-type NPR-C, was greater in FW eels than in SW eels as shown by the difference in ANP concentration between the ventral and dorsal aorta . Since blood from the heart first enters the ventral aorta, passes through the gills, and then flows into the dorsal aorta, ANP concentration in the dorsal aorta is lower than in the ventral aorta if ANP secreted from the heart is extracted by the gill. Since the number of NPR-Cs in gill chondrocytes far exceeds that of gill vasculature, the change in vascular NPR-C may be concealed by the excess NPR-Cs in the chondrocytes in the present experiment.
The present study demonstrated specific ANP receptors in the brain, gill, heart, intestine, liver, kidney, head kidney and urinary bladder of eels. The nature of the receptors are not known because of the lack of a cGMP study, but they are likely to be the so-called clearance type (NPR-C). Previous autoradiographic studies also detected heterologous ANP binding in the gill and heart of toadfish (Donald et al. 1994) , inter-renal tissue of the carp (Kloas et al. 1994) , heart of the conger eel (Cerra et al. 1992 ) and eel (Cerra et al. 1996) , and in the gill, heart and kidney of an antarctic fish (Uva et al. 1992) . Recently, an in vivo whole-body autoradiographic study revealed homologous ANP binding to the gill, heart, liver, kidney, head kidney and urinary bladder of eels (Sakaguchi et al. 1996) . These results are consistent with the present study except for the brain, intestine and red body. Since ANP appears to be synthesised in the brain (Takei & Balment 1993) and the intestine as well (Loretz & Takei 1997) , it may act in these tissues not from blood but in a paracrine manner. The red body (rete mirablis) is an important organ for gas exchange in the swim bladder (Pelster & Scheid 1992) . It would be of interest to examine the role of ANP in this small organ of eels, because ANP receptors have been localised in other organs responsible for gas exchange such as the lung and gill.
